An old puzzle in the field of cell death was solved recently: the mysterious embryonic lethality of animals deficient in caspase-8 or Fas-associated death domain (FADD), proteins involved in a pathway of apoptosis. This lethality is caused by a failure to develop the yolk sac vasculature rather than a lack of apoptosis. Remarkably, development is rescued by ablation of either of two receptor interacting serine-threonine kinases (RIPKs). Despite being well known cell killers, caspase-8 and FADD act together to block RIPK-mediated necrosis. To manifest this newly elucidated pro-survival function, FADD and caspase-8 depend on FLIP Long , a catalytically inactive caspase-8 homolog. In this review, the mechanism by which RIPK necrotic death is inhibited by this trio is discussed, as well as how RIPKs might themselves mediate cell death.
Apoptosis and necrosis as active processes
Cell death, while unavoidable, is also a critical part of animal development and homeostasis. It is widely accepted that most physiological cell death occurs via the process of apoptosis, involving the engagement of molecular pathways that culminate in the activation of cysteine proteases, known as caspases. Caspases cleave about a thousand substrates in the cell, some of which function to package the corpse for efficient removal without invoking inflammation [1] . This is in contrast to necrotic cell death, generally regarded as the result of irreparable damage under pathological conditions which, unlike apoptosis, triggers inflammation.
This view of active (apoptotic) versus accidental (necrotic) cell death was challenged by early studies showing that inhibition of caspases often fails to block cell death per se, but instead converts it from apoptosis to necrosis [2, 3] . A partial resolution came with the realization that a step in the apoptotic process, the disruption of the mitochondrial outer membrane (mitochondrial outer membrane permeabilization [MOMP] ) can occur independently of caspases and results in a mitochondrial catastrophe from which the cell often does not recover [4] .
This explanation, however, fails to account for a related set of findings in cells where ligation of death receptors, a subset of the tumor necrosis factor receptor (TNFR) superfamily, including TNFR1, CD95 and the TRAIL receptors, triggers caspase activation and apoptosis. The inhibition of caspases preserves cell survival in some cells treated with ligands for these receptors [5, 6] but in others it does not and they die by active necrosis [3, 6, 7] .
Mouse knockout studies made the resolution of this quandary more urgent. In general, knockouts of proteins involved in apoptosis produce phenotypes consistent with decreased cell death (Table 1) . For example, targeted deletion of caspase-3, the primary executioner caspase, produced a phenotype involving accumulation of extra neurons [8] . Similarly, deletion of caspase-9, an initiator caspase that cleaves and activates caspase-3 in the mitochondrial pathway of apoptosis, produced a similar phenotype [9, 10] . Deletion of caspase-8, the initiator caspase of the death receptor pathway of apoptosis, however, produced an unexpected phenotype: all embryos died around embryonic day 10.5 due to a failure to develop the yolk sac vasculature properly. This lethal effect could not be attributed to a lack of apoptosis [11, 12] , suggesting instead a survival role for caspase-8. To resolve this puzzle, we will revisit the mechanism of caspase-8 lethality and unveil how one of its proteolytically inactive homologs, FLIP Long (referred to here as FLIP), transforms caspase-8 into a protective form that inhibits a type of necrotic death regulated by receptor-interacting serine-threonine kinases (RIPKs).
How caspase-8 kills cells
Unlike executioner caspases (such as caspase-3), which are expressed as inactive dimers and activated by cleavage [13] , initiator caspases (such as caspase-8) are expressed as inactive monomers and are activated by proximityinduced dimerization [14, 15] . Caspase-8 dimerization triggers catalytic activity and autocleavage, which stabilizes the active dimer [16] . The adapter molecule that binds and activates caspase-8 is Fas-associated death domain (FADD). Once activated, caspase-8 triggers apoptosis by cleaving and thus activating caspase-3 and caspase-7 (another executioner caspase), or by cleaving the BCL-2 family protein BID and causing MOMP, which further facilitates the apoptotic process in many cells (Figure 1 ).
Upon ligation, some death receptors, such as CD95, recruit FADD, which binds and activates caspase-8 ( Figure 1a ). The engagement of the death receptor TNFR1 leads to the recruitment of a different adapter molecule TNFR-associated death domain protein (TRADD), which does not directly bind and activate caspase-8 ( Figure 1b ) [17, 18] . Instead, a number of additional signaling molecules associate with both the receptor and TRADD (e.g. RIPK1), and after several modifications (involving ubiquitination and deubiquitination events) a complex that includes TRADD is released to the cytosol, where it binds FADD and activates caspase-8 [19] .
Germline deletion of FADD is lethal around embryonic day 10.5, manifesting the same phenotypic effects seen in caspase-8 knockouts [20] (Table 1 ). In contrast, deletion of TRADD is not developmentally lethal even though TRADD is required for TNF-induced caspase-8 activation and apoptosis [17, 21, 22] .
In response to DNA damage [23, 24] or ligation of tolllike receptor-3 (TLR-3) [25, 26] , caspase-8 is activated through another type of FADD-containing complex ( Figure 1c ). In these complexes, formed by self-assembly or by TLR-3/TRIF platforms, RIPK1 is activated to recruit FADD, which then binds and activates caspase-8 (see Box 1) . While this process requires the kinase activity of RIPK1, it is not yet clear how phosphorylation of one or more of its substrates is involved. As FADD is known to be phosphorylated in some settings [27, 28] , it is possible that phosphorylation of FADD by RIPK1 may play a role in assembly of this complex; however, this is merely speculation at present. Caspase-8 activation through FADD binding has been described in other settings, including the ectopic expression of proteins with extended polyglutamine tracks (a model for Huntington's disease) [29] and the persistence of the ATG5-12 complex in autophagy [30] . How these modalities relate to the story we develop here remains obscure.
The FLIP side: how caspase-8 prevents death As previously discussed, inhibition of caspases sensitizes some cells to necrotic death induced by ligation of death receptors (see above). A similar phenomenon occurs in T lymphocytes whereby inhibition of caspases induces necrosis [31, 32] and thus prevents the proliferation of naïve lymphocytes [33, 34] . These effects are seen also when caspase-8 or FADD are specifically deleted, knocked down or inhibited in cell lines or primary T cells [20, 28, [35] [36] [37] [38] [39] [40] .
Survival of such cells depends on the catalytic activity of caspase-8 and, therefore, caspase-8 must be activated to have this protective effect, which is consistent with the role of FADD. But now we have a paradox; how can activated caspase-8 prevent necrosis without inducing apoptosis?
The answer revolves around the actions of FLIP, which is similar to caspase-8 but lacks the catalytic site. Upon recruitment to FADD, FLIP effectively blocks caspase-8-mediated apoptosis [41] . For this reason, FLIP was thought of as a 'dominant negative' caspase-8. This view was challenged, however, with the realization that caspase-8-FLIP heterodimers are proteolytically active [42, 43] ; FLIP promotes folding of caspase-8 to form the catalytic site on the latter [43] . This heterodimer assembles with a higher degree of affinity and/or stability than that of the caspase-8 homodimer, and appears to be the preferred form when FLIP is present [42] . Of note, the alternatively spliced FLIP isoform, FLIP Short (FLIP S ), does not create proteolytically active heterodimers with caspase-8; rather, it blocks caspase-8 processing into its active form [44] .
Upon ligation of TNFR, signaling events dependent on TRADD (but not FADD) induce the activation of NF-kB [17, 45] . One transcriptional target of NF-kB is FLIP, whose expression is essential for blocking TNF-induced, caspase-8-mediated apoptosis [46] . If NF-kB is blocked or the pathway is disrupted, apoptosis ensues [47, 48] . Animals lacking components of the NF-kB pathway die from hepatic injury around embryonic day 15 [49] and the development of such animals is rescued by deletion of TNFR1 [50] . While this demonstrates that TNF-induced NF-kB is required to protect mouse development, it suggests a different mechanism of lethality than that caused by knockout of caspase-8 or FADD.
Five lines of evidence point to the idea that the caspase-8-FLIP complex is the catalytically active moiety that protects wild type mice from lethality at embryonic day 10.5 and cells from necrotic death without triggering apoptosis. The first involves the viral serpin CrmA. CrmA potently blocks the enzymatic activity of caspase-8 homodimers but it is strikingly less effective at blocking the activity of caspase-8-FLIP heterodimers (Figure 2a ) [51] . Expression of CrmA in T cells [52] or fibroblasts [51] can block caspase-8-mediated apoptosis without sensitizing cells for necrosis induced by T-cell activation or TNF. This suggests that the caspase-8-FLIP heterodimer remains active and prevents necrosis while the activity of the apoptotic caspase-8 homodimer is blocked. It is unlikely that CrmA somehow also directly blocks necrosis, as a higher level of expression of CrmA can ultimately sensitize cells to necrotic death, probably by blocking both the caspase-8 homodimers and caspase-8-FLIP heterodimers [3] .
Another line of evidence comes from examination of the effects of activating caspase-8 in the absence of FLIP in cells that are protected from apoptosis downstream of caspase-8 activation. In many cells, caspase-8 must trigger MOMP for apoptosis to occur (mentioned above), and this can be blocked by anti-apoptotic BCL-2 proteins, such as BCL-XL [53] . When BCL-XL is overexpressed, knockdown of FLIP sensitizes cells to caspase-8 activation (without apoptosis) but does not prevent TNF-triggered necrosis (Figure 2b ) [51] . Thus, while caspase-8-FLIP heterodimers protect cells from both apoptosis and necrosis, caspase-8 homodimers do not effectively block necrosis.
Providing the third line of evidence, experiments show that transgenic expression of caspase-8 that lacks the stabilizing cleavage site rescues the development of caspase-8-deficient mice but not their apoptotic response to death receptor ligation [54] . Biochemical studies have shown that enforced dimerization of non-cleavable caspase-8 does not engage caspase activity in vitro, and does not trigger apoptosis in cells (Figure 2c ) [15] . However, hetero-dimerization of non-cleavable caspase-8 with FLIP results in full catalytic activity [55] , providing further support for the suggestion that the caspase-8-FLIP heterodimer functions to preserve embryonic development.
The fourth line of evidence is circumstantial. Deletion of FLIP causes the same embryonic day 10.5 lethality seen in mice deficient in caspase-8 or FADD [56] . Thus, FADD, caspase-8 and FLIP all function to preserve development at the same stage.
Box 1. The ripoptosome
Recently, two groups described a new death-inducing, RIPK1-mediated signaling platform termed the ripoptosome, which is formed upon Smac-mimetic treatment or genotoxic stress [24, 25] . Both treatments induce downregulation of cIAPs and XIAP, allowing the self-assembly of a cytosolic multimolecular complex formed by RIPK1, FADD and caspase-8. In addition to the IAPs, which suppress the formation of the ripoptosome by ubiquitination, targeting it for proteasomal degradation, FLIP Long is a key molecule in the regulation of this complex. FLIP Long blocks both apoptosis and necrosis, whereas FLIP Short blocks apoptosis but not RIPK-mediated necrosis, which is in accordance with the roles of FLIP in the modulation of TNFR complex II function [57] .
It should be noted that the ripoptosome, as described, is not derived from the TNF complex II. While the latter is the result of modifications (including deubiquitination events and recruitment of new molecules) to TNFR complex I, the ripoptosome pre-assembles in the cytosol, and does not require pre-existing TNFR signaling platforms. More importantly, while apoptosis and RIPK-mediated necrosis induction by the ripoptosome requires the kinase activity of RIPK1, there is no evidence that apoptosis induced by complex II requires this kinase activity. Rather, necrostatin-1 is known to specifically block TNF complex II-induced necrosis without blocking apoptosis or NF-kB activation, which is dependent mostly on the kinase-independent scaffolding function of RIPK1 [88] .
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The fifth line of evidence involves some speculation. It derives from the fact that whereas the long isoform of FLIP protects cells from CD95-induced necrosis in the absence of cIAPs, FLIP S , which does not confer proteolytic activity to caspases-8, does not (Figure 2d ) [57] . The increased sensitivity to death ligands in cells overexpressing FLIP S correlates with an inability to inactivate RIPK1 molecules recruited to the DISC. T-cell-specific transgenic expression of viral FLIP, which shares homology with FLIP S and blocks caspase-8 activity [58, 59] , prevents both thymocyte and T cell apoptosis; however, the survival of activated T cells and the generation of T cell memory is severely impaired [60] , an effect that is probably due to induction of necrosis [31, 32] . It is likely, therefore, that FLIP isoforms that do not form proteolytically active dimers with caspase-8 do not provide protection against necrosis.
These lines of evidence together provide insight into how caspase-8, in the form of the caspase-8-FLIP heterodimer engaged by FADD, blocks necrosis but it does not tell us how. To probe this, we must examine the mechanisms underlying this form of regulated necrosis.
RIPK-necrosis: ripping the cell apart RIPK1 not only promotes death via activation of caspase-8 (see above), it also is involved in promoting necrosis. An early study of TNF-induced necrosis (under conditions of caspase inhibition) presciently identified RIPK1 as required for this death pathway [7] . An inhibitor of TNFinduced necrosis, necrostatin-1 (nec-1), was later identified and found to inhibit the kinase activity of RIPK1 [61, 62] . Another related enzyme, RIPK3, was subsequently identified as required for necrosis induced by TNF [6, 63] or by viral infection [64, 65] . RIPK1 and RIPK3 interact directly via RHIM domains in both proteins [6] and this interaction, as well as kinase activity of each, is required for active necrosis (Figure 3a ) [64] . In general, it is the presence or the absence of RIPK3 that determines if a cell dies upon exposure to death receptor ligation in the absence of caspase activity; in the absence of RIPK3, caspase inhibition promotes survival [6] .
Is RIPK-dependent necrosis responsible for the developmental effects of caspase-8 or FADD deletion? Answers to this question came with finding that development in caspase-8-deficient mice and proliferation in caspase-8-deficient T cells is fully rescued by deletion of RIPK3 [51, 66] . Further, embryonic lethality in FADD-deficient mice was rescued by deletion of RIPK1 [67] , although these animals died perinatally (as do RIPK1 knockout mice). Together, these results mean that the lethality of animals lacking caspase-8 or FADD depends on the presence of RIPK3 and RIPK1, and suggest (but do not formally prove) that this is an effect of blocking RIPK-dependent necrosis during development.
The mechanism by which FADD-caspase-8-FLIP prevents RIPK necrosis remains unclear. FADD acts as a scaffold to bring together caspase-8, FLIP, RIPK1 and RIPK3 in the same complex; without FADD, caspase-8 and FLIP are not recruited and RIPKs initiate necrosis upon their activation [68] . Both RIPK1 [69, 70] and RIPK3 [71] are known to be cleaved by caspase-8 and are, therefore, likely to be cleaved by the caspase-8-FLIP heterodimer (Figure 3b ). Unlike mature caspase-8, the caspase-8-FLIP heterodimer is not released from the FADD-scaffolding complex and thus may have sustained access to key substrates that regulate necrosis, which likely include proteins other than the RIPKs [43] . Alternatively, the activity of the caspase-8-FLIP complex could engage active degradation of the entire complex, thereby inhibiting necrosis without inducing apoptosis. Cleavage of FLIP induces its degradation [72] and, therefore, this is another reasonable scenario, although currently untested.
As necrosis induced by viral infection requires RIPK3 but not RIPK1 [65] , RIPK3 may act as the 'downstream' trigger for this death process. But how does RIPK3 promote necrotic death? Several mechanisms have been proposed but none has been compellingly supported by inhibitor or knockdown studies (Figure 3c ). For example, TNF can induce the activation of NADPH-oxidase-1 (NOX1) to produce reactive oxygen in some cells, which is further enhanced by caspase inhibition [73, 74] . RIPKdependent necrosis induced by TNF is somewhat reduced by scavenging of reactive oxygen species [6, 73, 74] , whereas it is inhibited only marginally by blockade of NOX1 [74] . Similarly, phospholipases D and A 2 have been implicated in some TNF-induced cell death [75, 76] but inhibition of PLA 2 does not dramatically rescue RIPK-dependent necrosis [77] . Other candidates, including autophagy and the mitochondrial permeability transition, were examined in caspase-8-deficient T cells and neither was implicated in the activation-induced, RIPK-dependent necrosis [32] .
Another intriguing possibility is that RIPK3 phosphorylates several metabolic enzymes, which increases their activities, altering metabolism to cause necrosis [63] . But again, knockdown of the PYGL, GLUL and GLUD1 enzymes did not dramatically affect RIPK-dependent necrosis [63] . It is possible that several (or all?) of these mechanisms act redundantly to mediate cell death and it also is possible that another elusive mechanism remains to be identified.
Roles of RIPK-mediated necrosis
Several interesting questions remain. Associated with the developmental role of RIPK-dependent death, one important problem is to define which cells are actively shielded from necrosis prior to embryonic day 10.5 and why these cells acquired these protective mechanisms. One possible candidate is the stem cell precursor that originates in the embryonic aorta and participates in the development of the yolk sac, as the specific deletion of caspase-8 induced by the angiopoietin receptor Tie1 promoter recapitulates the lethality of the full caspase-8 knockout [78] . However, it is still not known if specific deletion of RIPK3 in these cells rescues embryonic development or, at least, prolongs survival, as it is still to be determined if other cell types become susceptible to RIPK-dependent necrosis. Further work is needed to determine when and where the triggers of RIPK-mediated death and the components of this pathway appear during development.
Little is known about RIPK3 gene expression. Further investigation of the RIPK3 promoter and the transcription factors involved in its modulation would help to define the conditions under which cells become vulnerable to RIPKnecrosis. For example, investigations of the expression of RIPK3 in virally infected cells and its implications for the progression of infections would provide valuable insight into the functionality of RIPK3-mediated necrosis.
RIPK-mediated necrosis is a fundamental cellular defense against viral infections, as viruses bearing apoptosis inhibitors can replicate for a longer period inside infected RIPK3-deficient cells (see below) [64, 65] ; however, this might only partially explain the role of RIPKs in immunity. A complementary hypothesis is that virusinfected RIPK-necrotic cells are more immunogenic than virus-infected apoptotic cells. It is possible that phagocytosis of RIPK-necrotic cells results in enhanced inflammatory responses and better antigen presentation. In this regard, some questions still need to be addressed, such as whether the clearance of these cells is performed by the same cell populations or if they are preferentially phagocytosed by dendritic cells responsible for cross-presentation of viral antigens to T cells. Also, do dendritic cells use the same set of 'eat-me' molecules, such as Tim-4, MGF-E8 and BAI1, to clear RIPK-necrotic cells? Examination of the clearance rate and mechanisms could help elucidate the immunological benefits of each of these cell death mechanisms against viral infection. This may also have implications for tumor immunology if the immune response to cancer cells can be promoted by changing the mode by which these cells die.
Findings from recent studies on ubiquitination and deubiquitination of the TNF receptor signaling complexes suggest that these events play an important role in defining the final outcome of death receptor ligation, including RIPK-mediated death [79] [80] [81] . Cellular-IAPs are E3 ubiquitin ligases that function as negative regulators of TNFinduced cell death [57] . LUBAC, a complex of several proteins, mediates linear ubiquitination of complex I and induces its stabilization [79] . This avoids complex II formation, thus blocking apoptosis [80, 81] and RIPK1-necrosis [81] . Several deubiquitinases, including CYLD, A20 and Cezanne, modify the balance between complex I and complex II [82, 83] but only CYLD has been implicated directly in the regulation of TNF-induced necrosis [84] . Therefore, a thorough study of how the different ubiquitin chains (or the lack of them) regulate the recruitment of TNF signaling players, especially RIPK1 and RIPK3, should shed light on the circumstances under which TNF stimulation results in necrosis.
Perhaps a more urgent question to ask is why is this system arranged in this way? Or, more rigorously, why did evolution favor a necrotic cell death mechanism that must be held in check by the caspase-8-FLIP heterodimer, without which the lethal effects of RIPK1-RIPK3 are manifest?
Clues to this mystery come from findings that some viruses express inhibitors of caspase-8 [58, 85] . Suppression of caspase-8 by viral inhibitors could de-repress RIPK3-dependent necrosis, which would function as a backup death-inducing mechanism, helping to reduce virus persistence and propagation. Indeed, RIPK3-deficient mice are very susceptible to vaccinia virus [64] , which naturally expresses caspase inhibitors [86] . Cytomegalovirus, which also expresses caspase-8 inhibitors, similarly expresses M45/vIRA, an inhibitor of RIPK3 ( Figure 2d) ; M45-deficient virus induces a much milder infection in wild type mice, as compared to RIPK3-deficient mice, where virulence is fully manifest [65] . Moreover, the recent finding that caspase-8 and RIPKs are recruited together to pathogen-associated pattern receptors (PRRs), specifically TLR3 and TLR4 [25, 26] , suggests that apoptosis and RIPK-dependent necrosis may act together to control an even broader set of pathogens.
Death receptor-induced apoptosis and RIPK3-dependent necrosis are also redundant in the control of T-cell accumulation and autoimmunity. CD95 or CD95L deficiency induces accumulation of an aberrant population of T cells that express B220, which coincides with autoimmunity [87] . The same phenomenon is observed only when both caspase-8 and RIPK3 are deleted [32, 51, 66] . In T cells, the suppression or elimination of FADD or caspase-8 [36, 39] or the deletion of RIPK3 [32] alone does not result in lymphoaccumulation.
These two lines of evidence, however, do not shed light on why RIPK-dependent necrosis is active and must be restrained by caspase-8-FLIP activation during embryogenesis. The answer to this question will be likely to take us still deeper into the physiological roles for RIPK-dependent necrosis, and when 'ripping to death' is beneficial to the animal.
Concluding remarks
Taken together, the recent findings regarding RIPK-mediated necrosis, a newly defined type of cell death, and the involvement of the known cell killer caspase-8 as its suppressor, opens an exciting field of research that will be likely to have major impacts on our understanding of developmental processes and immune responses to viruses as well as tumor immunity, and may well give rise to new targets for clinical intervention.
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